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With the past 10 years there have been placed in operation in
the United States four low+nzrlnilencewind tunnds of mciieratecross–
sectional area and speed, one at the National Bureau of Standsrds, two
at the NACA Langley Laboratory, and one at the NACA Ames Iabwatory.
Xn these wind tunnels the magnitude of the turbulent velocity
fluctuations is of the order of 0.0001 to 0.001 t-s the mean velocity.
The existence of these wind tunnels has made poesi%le the development
of low-hag wing sections and the experimental demonstration of the
unstable lamhar Imundary-layer oscillatims pedicted memy years ago
by a theory formlated by Toldmien and Schlichting.

The development of the lcm+mrbulence wind tunnels Was ~eatly
dependent on the development & the hot+cke anemometer for turbulence
measurements, measurements of the decay of turbulence behind screens,
measurements of the effect of damping screens on WnWhnnel turbulence,
measurements of the flow near a flat plate in air streams of ver@ng
turlxilence,and measurements of the drag of speciedly desi~d low+ag
aMoils. These investigationswere ccrnductedin colldmrationwith
Schuhauer. Skramstad, Jacobs, V’onDoenhoff and other metiers of the
staff of ;he Natiofi Bureau-of Stsndards
Committee for Aeronautics, Ton Hi&m@ end
Tnstitute of Technology, amd G. I. Taylor
CaribridgeWversity.

This paper reviews briefly the state

and the Nationsl Advisary
ILepmnn of the California
and his colleagues at

of knowl@ge in these various
fields d-those features of the results which mske possible the
attainment of low turbulence in wind tunnels. Specific applications to
two wind tunnels are described.

mmcmo~

One of the
tool older than
airplsne4esign

important tools of atiplsne design is the wind tunnel, a
the airplane itself. The increasing complexity of the
problem during the last 20 yesxs has stimulated the

conttiued improvement of w5nd tunnels and wind-tunnel techniques to
provide data of ticreasing accuracy and applicability.

lPaper presented ,atthe Seventh Iikernationsl Congress for Applied

wchanicti, London, Septemker “fin, 1948.
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The first essential requirement of wind tunnels, that of o%taining
a reasonably steady air etreem approxktely unifmm in s~eed and
direction of flow across the test section, was met as long ago as 1909 in
the wind tunnels of Pmniitl and lH_ffel,which produced a great wealth of”
scientific data to le applied to adrcrei% design. The presence of
“scale effect,” cm Wluence of size of model and speed of test, was
recognized at en early date and model tests were placed on”a sound
theoretical basis through use of the principles of dWensimal analysis.
The Reyaolds nunler lecame the key measure of the applicability of wind–
tunnel data. The desire to appoach flight conditions of scale and speed
as measured by the f13ght Reynolds number resulted in the obvious trend
to wti tunnels of large size and high speed. I@art=t tiv=ces ~
techniques included Improved balances and other measuring equipnent; new
methcds for suppcmting moiels, especially at high speeds; me accurate
corrections fw the effects of the limited size of the ah stream; and
the inclusion of the effects of power and of some dpamic flight conditions.
These trends have continued to the Wesent the. .

One solution of the problem of scale effect was reached in 1923
with the construction of the variable4ensity wind tunnel by the National
Advisory Comittee fcr Aeronautics, in which the Reynolds nuniberwas ●

increased by operathg the whd tunnel at a pressure of 20 atmospheres, ‘
thus increasing the & density and the Reynolds number by a factor of.20.
A second solution was reached with the construction of the full-scale
wind tunmls in 1931 at the NACA Iangl.eyMmratory and in 1944 at the
NACA Ames Mboratory. These tunnels are large enough to test full+ize

0

small airplanes at mderate speeds.

As *plane speeds have increased, the principles of variable
density and large qize have been applied to higl&speed.wind tunnels
necessary compromises because of high power requtiemegts. The goal
to appzzoachfull-scale Reynolds nmibers and Mach tiers as closely
possible.

Gas olncbus, but equally impartant advances have been @e in

with
is
as

improring wind tuhels with regard to uniformity and steaiklnessin speed
and direction of the air stieem. The wind-tunnel air stream is chara~
terized by the ~esense of small eddies of varying size and titensity
which are collectively known as turbulence. Many aer’~c measure
.ments are ~eatly Wluenced by the values of the intensity end scale of
these eddies even though the titmlent fluctuations may be very mmll as
compared with the mean speed. Flight investigations have not indicated
the presence of atmospheric distur?mmces of sufficiently small scale to
cause appreciable aerodynamic effects.

The use of wind-tunnel data fm predictbg the flight performance
of aircraft has always ‘beenhampered @ the presence of turbulence in
the air stream. Comparison of results o%tained on spheres in the wind
tunnels of Premiltland Eiffel in 1912 showed that turlwlence could have
gross effects on aercdpemic measurements comparable with the effects
of Reynolds number. Such results led to the establishment of inter-
national progre3usof tests of’standard afrfoil and airship mcdels and to

-— ———— —.—————-— . ...- . .——-. —_.-.— _ . ..— —
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numerous comparative tests of spheres in wind
turbulence. It is nuw hewn that the bag of

, . .

tunnels of different
a sphere may vary by a

ractm as large as 4, the minimnn drag of an airship or drfoil mciielhy
a factor of at least 2, and the mximum lift of an ai&foil by a factor
of as mch as 1.3 in * streams of different wind tmnels at the same
Reynolds andlkch@ers (references 1 to 5).

Ikproved simulatim of flight conditions in win&tunnel testing
through the reduction of air-stream turbulence was slow in realization.
Considerable cmfusion existed at one tim about the desirability of
reducing the tilndence. The effect of ticreased turbulence on some
aerodynamic characteristics is qualitatively similar to increased scale,
which was greatly desired. The ap~ent success in some applications
of the concept of an ‘effectivet*Reynolds nmiber led many tivestigators
to believe that turbulence was desirable. Mmeover, the wln&tiel
designer was faced with the practical situatim that, although it was
easy to increase turbulence,(it was not knuwn to what extent it would
have tohe reduced to shukte fklght conditions and no effective mthcxl
of reduchg turbulence to small values was then lmown. The result was
that the turbulence of the usual wind tunnel of about 10 years ago was
of the order of 1/2 to 1.0 percent of the me= speed.

,

The reductim in turlmlence &f more recently mnstructedwind
tunnels is largely the result of a better, though still incom@ete,
understanding of the effects of turbulence on the boundary layer end of
the character of turbulence itself, especially the laws of de:ay and
the effect of damping screens. ‘I!his’understandlngwas greatly dependent
on the development of the hoWwire anemometer for quantitative turlmlence
measurements. Comparative hag measmements on low-drag *foils in
various wind tunnels and in flight showed the sensitivity of their
characteristics to very low levels of turbulence and stimd.ded further “
work. These investigationswere conducted in collaboration with
Schubauer, Skmmstad, Jacobs, Von Doenhoff, and other metiers of the
staff of the National Bureau of Standards and the National Advisory
Committee for Aeronautics, V’onR%& and Idepmann of the California
Institute of Technolo~, d G. I. Taylor and his colleagues at
Cambridge IMversitye

‘Itseems appropriate, because of the great hportance of turbulence
effects in fluid mechmics, to outline the principles of design of
mode rewindtunnels of low turbulence end to illustrate their application

to two specific wind tunnels, the ~–foot wind tunnel of the National

Bureau of Stsndards snd the Iangley two-dimensional
pressure tunnel of the lWCA.

low=turbulence
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SYMBOLS

crow+sectional area of wtnd stream w ductA

comt&tc

D diamter of a spkere

scale of turbulenceL

()P– q)
pressure coefficient —

$ pu2
x’

Reynolds numlerR

Re

R5

“effective”Reynolds nuniber
.

Reynolds nuniberbased on thickness of lmundary layer

()U1U2correlation coeffici~t
*

u
.

Ut

mean sped
.

mean turbulence intensity

contraction ratio of a wind tunnel ~
()

c

section drag coefficient

turlmlence reduction factorf

pressure+lrop coefficient for a screen

()

~

2P
k

nmfiberof screensn

P

Po

u

static pressme

static pressure of free stream

component of velocity fluctuations ~oduced by
turbulence, parcdlel to me&n flow, measured.with
respect to mmn speed

. ..- ,—. :,-. -
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v, w

a

5

5*

).

IJ

v

P

Subscripts:

o

1, 2

s

t

U, d

rdmally perpendicular components of velocity
fluctuations ~duced by turbulence, normal to
mean flow and measured with respect to mean speed

root+neez+square values of u, v, end w ‘

mean value of prcduct of u and v

distance measured

distazicemeamrred

parallel to-mean flow

normal to mean flow

()2Y’(frequency parameter ~

Wundary-lejer thichess

boundary-layer displacement thichess

wave length

viscosity of air

kineraati cviscosity (IJ/p) .

~SS a~ity Of *

conditions at a particular time or place

values at neighlmring points

settlhg chmiber of a wind tunnel

test section of a wind turuiel

values at potits upstream and
respectively, in a duct of
sectional area

downstream of a
constant cross-

screen,

The understandiw of turlmlent flow and the development of methcds
for reducing the turbfience level are dependent on the &istence of
methcilsfor measurhg tur&iLence. The hot+zire anemometer has becme the
standard instrument for this purpose (references 6 to 9). Techniques
have been developed for measurhg the root+near+squere of the component u

—.—-——. ——..—..
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of the velocity fluctuations in the direction of flow Uf end Carre- .
spondlng root+me~q~e values V$ and w? for the components v
and w in two directions perpendicular to the flow and to each other.
Technigpes have also been developed for measuring the mean value TV
which is propm%ional to the turbulent shearing stress, and for measuring

the correlation coefficients of the type = where U1 smd U2 mO
U1%2’ ‘

values of u at two neighboring points. l?romeuch measurements the
average dimensions and shape of the eddies present in the air fluw my be
detemined.

The turbulence h a wind-tunnel air stream not too close to a source
of turbulence is a random motion with no pericdic components ~esent and
is often, though not always, isotiopic. h isotropic _burbul-ence,
~t=vt=w? ana == .0. The magnitude of the fluctuations may then be
BpOCifiOdby U~. The quantity uy/U, where U is the mean speed, is
termed the intensity of the turbulence.

me scale of isotroPic turbulence. w~ch ~ effect Specfiies the
average size of the eddi~s, is def=”ti terms

U1U2ficient Ry = — at two neighboring points
U1%2*

normal to the stream. The scale L is defined

of the correlation coef–

separated bf a distance y ~ o

as

A more complete discussion of the intensity end scale of isotropic
turkmlence is given in reference 10.

The ho&?ire anemometer is being continuously improved in ruggedness,
convenience, d accuracy but it remains an bstrument of considerable
complexity and cost. The services of expert technicians are required for
its successful *tenance and use. Consequently, there remdns conside~
able interest in other methods for the qualitative detezmlnation of the
general turbulence level of an alr stieamudng only the measuring
equipmzmt normally available in any wind tunnel. Such nmthods must
depend on the effect of turbulence in som aerodynamic measurement which
can be calibrated in terms of ut/U and L. “

Mmeurements of the drag coefficient of a sphere as proposed by
IWuxltl (reference11) have been used with considerable success to
indicate the turbulence level of the older wind twonels (references 2,
4, dlo). The critical Reynolds nuder at which the drag coefficient
of a sphere of diameter D decreased rapidly was found to le a function

.- ---- . ..— .___— ..———-. -..:, .’..
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(x)D1’5decreasing with increasing values of the turbulence~f$z,

parameter. The critical Reynolds zuuiberwas stated either as that for
which the drag coefficient of the sphere was 0.3 (reference 2) or that
for which the pressure coefficient from en orifice in the rear portion
of the sphere was 1.22 (referencesk and 10). The value of the critical
Reynolds numler far turbulenc~free air is of the order of 385,ooo .

“ (reference).

Although such sphere tests provide reliable indications of the
general turbulence level in lo+speed whd tunnels with high levels of
tzrdnilence(X.5 percent), they ere not suitable for tests inhig&speed
wind tunnels d tiwind *18 of very low turbulence. Thus, as a
result of sphere tests in the Lemgley &foot high-speed tunnel, Robinson
(reference12) shows that spheres could not be used to determine the
turbulence level at speeds above almut 270 miles per hour because
compressibility effects completely masked the effects of Reynolds number
and turbulence. The sphere is also inaensftive to the effects of low
levels of turbulence. Thin, RoMnsonmeasured critical Reynolds numbers
at luw speeds in the 8-foot tunnel that were essentially the same as
those for free air. Subsequent measurements of.the turbulence in this
wind tunpel tith a ho~e anemometer showed the titensity of the
longitudhal fluctuations to be about 0.15 percent and the horizontal
normal component almut 0.5 percent of the speed corresponding to the
sphere measurement. This turbulence level is nowlamwn to 38 sufficiently
high to affect considerably the Reynolds num3er of transition of a lamhar
boundary layer in a region of zero or small falling pressure gradient.

The bag characteristics of smooth and fati NACA lowdrag airfoils
were known to be sensitive to turlmlence. Jacobs proposed that-this
characteristicmight he used to indicate the relative turbulence level of
wind tuimels for which the tibulence could not le evaluated by sphere
teets. Even mall increases of the turhilence level reduced the Reynolds .
nuniberat which the transitim point moved upstream from the location of
minhzm ~essure with a corresponding increase of drag.

A special symmetrical airfoil was designed for this purpose. The
section (fig. 1 and table I) was 15 Tercent thick snd had a very low,
slightly favora%le pressure gradient selected to increase the sensitivity
of the ladnar boundary layer to low turhlence levels as compared with
the sensitivity of the usual NACAlo+drag atifoils. A steel mdel of

.
this section was constructed with a span of 91~ inches and a chord of

60 inches. The model was constructed in thee sections to permit tests
to be made in eithar the narrow test sectiom of the Iangley two-dimensional
tunnels or in the lsrge conventional wind tunnels. The central portion of

the mcdel was hilt of a ~–inch-thick stainlem+steel skin on cold–
16

rolled+teel ritis. Comparative tests of other malels of the seinesection
showed.that no surface fiexities were present that would affect
transition h the Langley two-dimensional lov+urbulence pressure tunnel.
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Dreg tests of the model at zero angle
method were @e in several NACA wind

of attack using
tunneb .

MAcA TN I?o.1755 .

the wake+mrvey ~

Results of drag tests of the model in four lcm+meed NACA wind
tunnels me slmwn G figure 2. “The turbulence level ~f the Iamgley ‘tw~
.dimensional low-turbulence pressure tumnel (’lD’I’)is a few hundredths of
1 percent (reference13) accordbg to hot+dre measurements. Similar ‘
measurements in the Iangley l>foot pressure tunnel showed the turbulence
level of this tunnel to be about O.3 percent based on the longitudinal
component. The NMA 7– by lo-foot wind tunnels are hdicated to have an
intermediate turbulence level, w~le the Ames 1.2-footlo=turbulence
pressure wind tunnel appears to have the lowest.

A cmparison of the drag measurements for the mcdel in the
Iangley &foot and.Ames 16-foot hi~peed. tunnelb is given in figure 3,
together with the data from the lo-turbulence tunnel for comparison.
The &ag data fram the high-speed tunnels differ from those obtained in
the lm+speed tunnels in that, following the original drag rise, the
drag curve levels out and even decreases with increased Reynolds tiers. “
This result is thought to be associated with compressibility effects,
and the data should not be interpreted to indicate a very low turbulence
level at high speed. Even though the data were obtained at speeds below
the critical, compressibility effects may be expected to increase the
favorable pressure g@lients along the airfoil surfaces and thus to
increase the stability of the laminar leyer at the M@ speeds. The
stagnation pressures of both the hig&speed tunnels are substantially
atmospheric and, consequently, equal Reynolds numbers indicate approxi-
mately equal M2ch nunibers. It may, therefore, be cmcluded that the
Ames 16-foot tunnel has a lower level of turbulence than the Iangley 8-foot
tunnel.

It may be cmcluded that drag measurements UR a smooth, fair model
of a sensitive low-drag airfoil exe useful far the qualitative dt3t0rmi-
natlon of the relative levels of turbulence of wind tunnels having
turbulence levels of the urder of a few hundredths to a few tenths of
1 percent, provided the measurements are made at luw Wch @era.
Considerable resesrch will be necessary to develop similar methcxls
suitable for high hkch nuaibers.

ORIGIN AND DECAY OF ~

Recent progress in the reduction of turbulence in wind tumnels is
dependent on the knowledge which has been gainsd of the arigti and decay
of turbulent motion. The pesence of turbulence in a flow may be traced
to the existence of a discontinuityy in temperature, density, or velocity
in the flow. Such a surface of discontinuity my arise in the flow
around or near a solid body as a
of an incoming jet of *, or in
of a dynamic instabili~, such a

— -,—- —.-..- ,,

result of flow separation, as a result
various other ways. As a consequence
surface of discontinuity rolls up into

— -— —.— —
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discrete vortices; because
diffuses to form the fully
of frictional fluw along a
leads to turbulent motion.

of the viscosity the localized vorticity then
developed turbulent motion. Even in the case
surface, an instability develops which finally

Mch of the information about the migin ti. decay of turbulence has
been derived from exper~nts on cticular cylinders cm on screens made up
of woven wira~ No turbulence wi12 be generated if the Reynolds tier is
sufficiently low. Dr. Schubauer in his repti on damping screens
(reference 14) shows that no turbulence is shed ly a screen if the Reynolds
number is less than about 30 to 60, the value depending on the mesh and
wire diameter of the screen. Thus, for a@r reasonable speed and size of
ob~ect, my obstruction in a wind-tunnel air stieam will generate !
turbulence.

At some distance from the source the turbulence will tend to become
isotropic. The laws of decay of isotropic turbulence have been investi–
gated both experimentKIJ_yand theoretically but are not yet fjinal.11
established. Taylor (reference 17) gave the relation

(1) ‘

where Uot is the intensity of the turbulence at the point from which x
is measured, u’ is the intensity of the turbulence at the point x,
U is the mean speed at x, and L is the scale of the turbulence at the
~oillt x. The value of the constant C has been.found to %e almut 0.22
for wire screens with tie diameter equal to about one-fifth the mesh
distance (reference 10). There is reason to believe that the value of
the constant does not vary greatly with the shape of the turbulence-
prcducing obstacle.

When the turbulence is produced by screens, the value of L
increases with increasing x. Little information is availdle as to the
variation of L with the shale of the turlmlence-woducing obstacle or
as to changes in L. during flow through a passage of changing cross
section, as h the entrance section of a wind tunnel. However, the scale
of the turbulence at a distance of about 200 diameters behhd a wire is
of the order of the diameter of the tie.

Very near the source of turbulence, t~t is, at values of x less
than almut 100 times the me diameter, the turbulence is not isotropic
e@ there is appreciable variation of mean speed in the wake of the
obstacle. The test section of a wind tunnel should in no case be so
close to a turbulenc~poducing obstacle.

-—. —.--— ----- -—-—— —-T— — .—-— z —.- ———— —— -.. -—
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M3my experiments have
behind screens in a stream
present state of %nowledge
design purposes

been made of the vmiation of u? and L
of uniform speed and cross section. In the
the following relations are suggested for

()Uo
12 ~x—xo

T
.l+o.58~

u h
t! (2)

(3)

where U* and L sre the fitensity and scale at x, and UO’ and Lo

are the intensity @ scale at xo. These relations are telieved to be

commrvative. Theoretical considerations suggest that in’many cases as
the intensity decreases to low values the rate of decrease is greater
‘ithenindicated by the formnlas (references 16 and 17). Even though these
equations may not be rigorously accurate over a wide range, they are a
sufficient guide to methcds of reducing the turbulence in wind tunnels.

SO?JRCES oFwmD-TuNNEL !rm3mENm

liIa satisfactory wind tunnel, the speed and direction of the flow
at any point are free of long-pericd fluctuations; snd the shortiperiod
fluctuations, collectively classed as turbulence, are statistically
constant. h other words, the flow ”must‘befree of large eddies or
speed changes associated with such effects as unsteady separations of
the boundary layer on the tunnel wall. The flow in the diffuser and
return passages should be checked and aU permanent cm unsteady flow
separation elhinated. Sometimes this can be done hy airfoil deflectors
to deflect hig&speed air into a separating region, by screens to promote
filXng of the diffuser, or by buandary-layer suction. At any rate,
lsrg~cale slow fluctuations must he elhinated. “

The turbulence in the test section of a wind tunnel may not be
identified with that normally Pesent in pipe flow at Reynolds numbers
shove the c,riticalvalue. The contraction snd acceleration of the air
stream entering the test section produce a stream with a core of nearly
uniform speed with a thin boundary layer at the walls. The growth of
the’%oundary layer through-the short test section is small compared with
the dimensions of the * stream, and fully developed turbulent pipe
flow does not result.

——.- ._ —-—
...- . .
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While the turbulent
pressure in the diffuser
of turbulence appears to
in the stream in various

Wundary layer flowing agaimst the increasing
and return passage thickens rapidly, this source
be mch lem important than the wakes of objects
parts of the circuit. Such objects are the

propeller with its associated mountings, spinner, and antiswirl vanes and
the essential guide vanes at the corners of the circuit. Honeycmibs are
seldom used in large mciiernwind tmnels. Guide vanes, like honeycombs,
are fafrly effective in reducing larg~cale turbulence originating
upstream. Consequently, the set of guide vanes immediately upstream from
the test section ie ~ the most important source of turbulence.

Recent experiments .andtheoretical analyses (references 18 to 20)
have shown that the noise of the propeller ti other sound sources may
place a lower limit on the turbulence level since sound waves cause air
motions which produce an effect

METHODS OF

The formof equations (l),

similar to that of turbulence.

REDUCING ~CE

(2), W (3) suggests certain methais of
reducing turbulence - namely, (a) reducing UOY, the initial intensity

of the turbulence; (b) making the distance x from the source of the
turbulence to the test section as great as possible; (c) making the
scale of the turbulence as small as possible; and (d) keeping the mean
speed U mmill for the greatest possible part of the distance x.
These considerations lead to the design of awtnd tunnel with a large
contraction ratio; hiividually small, closely spaced, and well-designe”d
guide vanes at the corner directly upstream from the test section; and
a long settling chaniberbetween this c~ner and the start of the
contraction of the entrsme cone. With such measures it has been possible
to obtain turbulence levels of 0.25 percent with a contraction ratio of 7.
These design features are also favorable for the introduction of damping
screens which have permitted a further reduction of turbulence ly a
factor of 6 or more. -

The aerodynamic c~acteristics of damping screens are ~esgnted
byl)r. Schubauer in considerable detail (reference 14). It is sufficient
for the present pwpose to note that damping screens reduce the intensity
of the oncoming turbulence end, unless their Reynolds nuriberis very low,
generalJy introduce a small-scale turbulence.

~ shownby Schubauer, the effectiveness of one screen in damping
the oncoming turbulence is well apprmimated by the formula

(4)

—. ..—. -— — .— — ——
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or, h the case of n screens (reference 19)

where f is the
for the screen.
reduction factor

NACATN No. 1755

(5)

reduc%im factar and k is the ~essure-drop coefficient
It is olviously me efficient to obtain a desired
by the use of several screens with small Presmreloss

coefficients rather than by the use of a s-e dense screen.

If the damping screens are operated above their critical Reynolds
number, turbulence.is caused by the screens themselves with the result
that the intensity imbdiately downstream frcnua screen may be conside~
ably higher than that upstream. The utility of the screens in reducing
turbulence results from the rapid dew of the f-ah turbulence
result@ from the screen. These effects are shown in detail in the
paper by Schubauer.

lh the course of work associated with the design of screens for
the NACA law=turlmlence X tumnels in 1939, it was noted from tests of
screens in a smoke *1 that no turbulence was produced if the screens
were operated at sufficiently low Reynolds numbers (reference 13). This
effect has been studied by Schubauer who foudi that every screen has a
well-cleftied Reynolds nunber, which depends on solldity, below which
eddies are not shed. Although the screens of the NACA lo-turbulence
wind tunnels we designed to operate below the critical Reynolds nunber, “
the ~actical necessity for so doing has not been proved. It appeers
that the decay of the f~ti turbulericefrom a screen of small mesh
size yertits a very low turbulence level to be obtained at ordinery
distences from the screen.

An important consideration in the application of damping screens is
the abnormal behavior of certain screens reported by Schubauer. Although
not understoal, the pmducti~ of ab~~ ~@~ EIUWIY dec-
longitudind. fluctuatims hy certain screens is thought to be associated
with imperfections of these screeqs. It appews @ort~t, especi~ fi
the case of large screens, to select a mesh @ me size ca~ble of hew
woven with accuracy and to handle the “screenin such a manner as to avoid
distortion of the mesh in titillation.

A large contraction
test section has several
in a low atrspeed h the

EFFECTS a? CONTRACTION

or srea ratio between the settling charjberend
advantages. A large contraction ratio results
settling chamber, thus permitting the instal-

lation of a nmniberof dampq screens without excessive penalty for

.
.

*
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the power absorption and also permitting greater decay of turbulence in a
given length of settling chamber. Furthermore, unless the contraction
has the effect of greatly increasing the turlulent ener~ of the stream,
the ratio of the turlmlent intensity to the mean epeed wilJ decrease
through the entrance cone as the mean speed ticreases.

The effects of contraction have been studied theoreticdlyby l%ndtl
(reference 21) and’l?aylor(reference 22). These studies were limited by
consideration of only regular types of didurhance a neglect of decay.
Taylor~s results depend on the type of disturbance assumed and indicate
that contraction may result h either an increase a a decrease of the ~
turbulent energy. Frsndtl predicts a decrease of ut in the ratio l/c

and an increase of V*
contraction ratio. If

and W* in the ratio G, where c is
a turbulent intensity U’ is defined as

“’=@== ‘
then, according to Prandtl, U* would vary as

This formula would predict an increase of U’ of approximately

the

2 for a
contraction ratio o; 6 and of ‘3.5 for a ratio of 18-and retit in a net
reduction of the ratio U*/U of 0.33 and 0.19, respectively.

Such calculations should be used cautiously because of limitations
of the theory. Experimental observations ehuw that contraction, by
exerting a selective effect on the components of velocity fluctuations,
decreases U* and increases v* and w*. It is not known that decay
i.nthe contracting region cam be predicted quantitativelyby linear
considerations of the velocity and distance traveled or that the results
can then be superposed on the estimated effect of contraction. Measure-

ments at the National Bureau of Standards in the ~–foot tunnel, behind

the screens in the settling chamber and in the test chamber, indicate
(reference“19)for this perbicular case that the effects of contraction
and decay on the turbulenf ener~ substantially cancel each other. This
result should not be generalized, however, withmt further study.

.— -— - —..— .—— . . . . . —. ,. .—.— . _ — .-—-- - —.—
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APPIZCKTION OF PRINCIPLES TO SPECIFIC WE?D-TUNNEL DESIGNS

The ~–Foot Tunnel of the National Bureau of Standards

The application of the methods of reducing tind-tunn.elturbulence

is il.lustiatedby the modernization of the ~– foot wind tunnel of the

National Bureau of Standards. Figure 4 is a photo&aph of the wind
tumnel and figure 5 is a longitudind. section though the center line.
The design of the tunnel was begun in November 1937, and construction
wae completed in septetier 1938.

The dve~ length of the tunnel is 80 feet and the height is
25 feet, these dhaemsione behg ftied by the requirement that the tunnel
le housed in the existing build@. The structure above the ground line,
except for the entrance section, ccmEif3t8of tongued and wooved pine
boards fastened to angle-iron fiantlng. The entrance section is made of
galvanized iron fastened to johed woalen stringers. The structwe
below ground level is of reinfmced concrete.

‘Thetest section is 19 feet lang. Its cross section is a regular

octagon, @ feet between opposite faces. The expand- exit cone

provides a transition from the octsgaual cross section at the test
section to the 7–foot circular cross section at the fan. The eight-
llade fsm is driven by a 7>horsepower, direct-current motor. The
return duct is rectangular in cross section ttioughout its l&gth. The
straight section or settling chariberupstream of the entrance section
is octagonal in cross section, 12 feet across the flats, ti-7 feet
long. The contraction ratio is 7.1:1.

Commercial guide vanep are used.at the fcnr cornerfias indicated h
figures k and 5. The guide vsaes in the first turn upstream from the

test c-er are of
?$

–inch chord and are spaced 1* inches on centers.

The guide vanes in the other turns are of ~–inch chord and are

spaced $ inches on centers. Damping screens are installed in the

settling chaaber.

The turbulence levels in the test section of the tunnel with
various single screens and combinations of two, three, and six screens
installed in the settlhg chamber are summarized,in table II. The
turhlence level expressed as the ratio U~~ is seen to vary from

0.265 percent with no damping screens to 0.043 percent with six screens.
The predicted values of the turbulence level with screens based on a
damping factar of

1

(1 + k)n/2

.,

.-. ..——— ———,—..— ..—,.— ..—
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are also given in table II. It will be seen that the agre@ment of
predicted and measured turbulence levels is excellent, considering the
limitations of the theory, except at the lover levels where the MUU*
values are higher. This discrepancy is thought tobe associated with
noise as previously mentiomd.

It is apparent that the use of damping screens is the most important
feature in obtaining a very low level of the turbulence. It should be
noted, however, that the turbulence level without damping screens is
relatively low, especially fcm a-wind tunnel of this size. This
relatively low i@tial turbulence level undoubtedly simplifies the screen
installation required end is oltained by the use of small, closely spaced
guide vanes and a long eettling chamber.

The
ence 13)

Iangley Tw*Dimensional Iow-Turbulence Pressure ~el

Iangley two-dimensional low-turbulence pressure tunnel (refe-
was designed especially far research on wing sections. A 1-

tibulence air stream was desired in which systematic investigations of
large nunibersof atifoils could %e made-at fMght values of the Reynolds
numbers. It was also considered desirable to test the W* sections in
twtiimensional. flow to obviate the difficulties that had been enc~
tered in the NACA variabledensity tunnel in obtaining section data from
tests of finlt~panwinge snd in correcting adequately for support
interference. .

12reli.minarydesign of such a wind tunnel was started in1937, and
a fu~-scale maiel of the tunnel was completed in 1938. ~is model,
which differs in det”ailfrcm the final design, was constructed cheaply
to operate at atmospheric pressure and is lmown as the Langley two-
dimensional lo-turbulence tunnel. me fititunnd (figs. 6 and 7)
was placed in operation early in 1941. It is of welded steel COnSti*
tion to permit operaticm at presmres up,to 10 atmospheres. The test

section is 3 feet wide, 7* feet high, and 7* feet long. ‘The contraction

ratio is 17.6:1. The tunnel is powered by a 200&horsepower motor
driving a 2Mlade fan 13 feet in diameter.

&ctural. requirements of the pressure shell imposed compromises
on the design of the tunnel. The principles of use of damping screens
were-inadequately understood at the time construction of the tunnel was
started. The results of reseerch at the National Bureau of Standards
and of experience with the mcdel of the tunnel required complete

.’ revision of the planned screen installation. The screen installatiti
was consequentlymade in an air passage @ structure not designed for
its accomdation. The final arrangement is not considered to be
Opkilmlm.

h unusual feature of the tumnel is the torue=like bends with six
corners at the large end and eight corners at the small end to accomplish

— . .._..— .-—- —— —,--
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qach 180° turn. Eight sets of guide vanes are provided at the small end
~a three “splitter”vanes at the large end. .Thesefeatures of the tunnel
were dictated by cost and strength requirements and are not believed to
le aerdynemically desirable.

cooling coils supported on a coarse honeyconibare mounted h the
large end of th-etunnel upstream of the entrance section. A screen with
60 meshes to the inch is fastened to the downstream face of the hohey-
Conib● A series of 11 damp@ screens is mounted between thg dense screen
end t~ entrance section. Each screen has 30 meshes ~er inch with
0.006>inc&diameter tie. The screens are installed 3 inches apart.
Each .dampingscreen has a pressure coefficient of appnmimately 1.0. The
last damping screen is located at the beginning of the contracting
section.

It willbe noted that, in contrast with the NBS ~–foot tunnel,

reliance is placed on the cooking-ooil demp~creen installation to
reduce the high turlmlmnce resulting from the aerodynamically unfavorable
turns of the ah passage.

Great care was taken with the screen @tallation (reference 13)
because it was not known exactly what imperfectfou could be tolerated
and %ecause of the difficulty of inspection, repair, or replacement
once the installation was made.

a
The phosphor-bronze screen was

specially woven tn 7—foo*de stkips with special selmges. The strips
were fastened together by se- with 0.oo6>inc&iiameter wire with a
stitch that Weserved equal density of the screen across the seam. The
resulting screens were titalled so that any wakes from the s&ms would
pass almve ad lelow the mcdel. Each screen was tensioned along its
periphery to a stress corresponding to about o~ the yield value to
reduce sagging under load. Care was taken to make and install the
screens without touching them by hand in order to avoid possible future
comosion that would eventuaJJ-ycause local changes in the pressur-op
coefficient. It is not known to what @ent these precautions are
requtied, %ut it is now thought that considerable relaxation of these
specificationsw-a resul~ in a satisfactory installation.

Only Mmitedmeasuremmts of the tunnel turbulence have beenmde
with a ho~e anemometer. The results of some of the measurements me ~
presented in figure 8 for a pressure of 4 atmospheres. (See reference 13.)
The turbulence levels presented are values of UIP” It will be seen
that, at this tunnel pressure,

.
the turbulence level increases fhm

about 0,02 percent at low speed to a value of about 0.05 percent at a

speed ccmresponiiingto a Rewelds number of about 4.5 x 106 yer foot of
model chord. At higher speeds, the turbulence rises more rapidly.
Smt checks of the turbulence level at other pressures indicate that
&creasing pressure
at
in

a given value of
the screens have

is favorable for oltaining a low level of turbulence ,

the model Reynolds number. No wakes from the seams
been detected.

. .—— .. ---..,,, . . .
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It is interesting to note that the more rapid rise of the turlxzlence
shuwn in figure 8 occurs at roughly the Reynolds nmiber where t~e damping
ecreens begin to praluce turbulence themselves. It is not thought, h-
ever, that this result is significant even with the comparatively smadl
distance for decay ~ovided in this instalhtion. The existence of lower
turbulence levels at the same Reynolds number at higher tunnel pressures
also tends to discount such = explanation for the increase of turbulence
with syeed. Qualitatively, it has been noted that there iEIa tendency
for the intensity of the turbulence to correlate with the pawer tiput to
the tunnel and with the noise level. It is thought that vibration and
noise me factors Mmiting the turbulence of this tunnel.

Many features of the two-dimensional luw-turbulence pressure tunnel
were not used.in the design of the Ames 12-foot pressure tunnel, although
compromises with the requirements of the p?essure shell were sti~
necesflary. Ihpsmticular, sti sets of guide vanes were used instead of
sputter vanes in the 18OO turn upstrem of the entrance sectiop. The
cooling coil was eliminated smd a settling cha?iberwas provided in which
a simplified screen installation was mounted. As indicated by figure 2,
this newer tunnel is believed to have a lower turbulence level them the
tw&Mmensionalwind *1.

CONTRIBUTION OF LOWTURMHXNCXWU?D TUNNECS TO AERONAUTICAL SCIXNCX

The two lowtmbulence wind tunnels which have teen described have
%een essential tools in two major contributions to aeronautical science:
The exper-ntal confirmation of the Tolhie@chlicht@ theory of the
stabiMty of landnar flow and the development of lmRlrag airfoils.

Stability of Iaminar Boundary Iayer

The effects of turbulence on aerdyaamic measurements have long been-
lmown to be intimtely connected with transition from laminar to turbu-
lent flow in the hundary layer. Uhtil recently the mechanism of
transition was a subject of considerable discussion and controversy. A
theoretical tiea%nt of the related problem of the stability of lamimr
flow in a boundary leyer had been given %Y To12mien and Schlichting
(references23 and 24). Their cmputatians indicated instability of the
two-aimemional laminar layer with Blasius velocity distribution to small
sinusoidal disturb=ces if the Reynolds number exceeded a value which was
a function of the wave length of the disturbance. Tollmien (refer-
ence 25) extended this wwk to investigate the effects of pressure
gradients, showing especially tkt the distofiion of the B~SiUS pofile
associated with rising pressures in the direction of the flow was
unfavorable to laminar stability.

. —.—..——. .—_______ ——. .— ..— -—-— . ----- —.—. —-. -. _.— —
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The To12mie~chlichting theory was not accepted immediately as a
satisfactory explanation of the mechanics of transition. For the math-
maiical reason of obtaining a linear:differential equation, a very small
disturbemce was assumed although it was known that t@e usual disturbances
were not smll. The theory did not predict transition in the ~ense of
the change from laminar to eddying flow but rather predicted the conditions
for damping cm amplification of the very smaU disturbances. The theory
showed that laminer stability was a critical function of the wave length
or &equency of the disturbances, whereas all experimental results
appeared to indicate that the point of transition was little affected by
the frequency if the amplitude was fixed.

Erperhmntal work at the ITatimal Bureau of standards (reference 26) “
established the existence of comparatively large fluctuations of speed in
the laminar boundary layer over a flat plate we12 upstreem of the point
of transition. These tiasurements were made by means of hot+dre appa-
ratus wtth clifferent pressure gradients alcq the plate and with different
levels of turbulence of the air stream. It was shown that the fluctu-
ations did not cause the average velocity distributicm to dept from the
Blasius velocity profile and, consequently, that turbulent shearing
stresses were not associated with these fluctuations. Transition caused
a deperture from the Blasius distributicm to the characteristic turbulent
velocity profile, but the laminer and turbulent hundary layers could not
he distinguished on the basis of the magnitude of the speed fluctuations

o

alone. It was not appsrent from these data, huwever, whether the observed
fluctuations were “free” oscillations of the TollmieMchlicht@ t~e or
whether they were “forced” oscillations prduced by the turbulence of the
air stream.

Later, during the hvestigations of low-drag airfoils at the NACA in
air streams of very low turbulence, it was observed that small three-
dimensional protuberances on the airfoil surfaces either caused transition
to occur almost -diately at the protuberance or did not affect tran-
sition at all. small two-dimensional ~otuberemces or waves, however,
often caused transition to occur sooner than on the smooth surface, but
still a long distance downstream from the protuberance. The velocity
distrilnzticm,as measured by pressure ~ohes, in the laminar layer between ‘
the protuberance and the yoint of transitiau was not affected by these
smaU protuberances. It was apparent that scmm trsnsiti-prcducing
mechaniam existed that was not associated with the shape of the average
velocity distribution. The Tollmiefichlichting concept of amplified
disturlmmces provided a gyalitative explanation of such phenomena.

Schubauer and S&amstad (reference 18) etiended the wgrk at the
National Bureau of Stmilerds to the lowest attainable level of the free-

9

stream tu&lmlence. Bg an ingenious methcxlof introducing disturlmnces
of lamwn frequency by a small vibrating ribbcm, they confirmed the
Tollmietichlichting theory both with respect to the concept of amplifi-
cation of small disturbances and cpmtitatively as regards the calculation
of the stability boundaries. The experimental results sre shown in
figure 9, together tith the stabfli~ ho~ies @ c~c~ted by ~n
(reference 27).

___ -—. . .—— ———.-— —--- ----- -- . .._——
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The mechanism of the instability of the laminar boundary layer is
now well understock. Whatever small disturbances are initially present
are selectively amplified until large sinusoidal osciU.ations occur.
Thef3e regular waves grow in amplitude, lecme aifltdea, and lmrst into
hi~frequency fluctuations. The nonlinear problems of the amplification
of the large oscillations and of the mechamism of conversion to turbulent
flow remain problems far future research.

It should le noted that the themy of TolJmien and Schlichting has
been extended to compressible flows over flat plates by Lees and Lin
(references 28 cud 29) and that Mepmmn (reference 30) investigated the
effects of convex and concave surfaces. Liepmann shuwed that the effects
of convexity were small hut that the mechanism of transition on concave
surfaces was clifferent, be@ thre~nsional in nature..

It is significant that the wbrk of Schubauer and Slmamstad required
the use of an air strew of very luu turbulence (about 0.02 percent).
The earlier work in an air streem with a turbulence level of almut 0.5
to 1.0 percent had been cotised by transition associated with moment-
separation resulting from finite disturbances in the free stream as
proposed by G. I. l%ylm in reference 31. The fundamental difference
in the mechanism of transition in a turbulent air stream and in a stream
of very low or zero turbulence makes i% ~rative th@ aerodynamic
measurements be made in a low-turbulence air stream if they ere to be
accurately applicable to free flight.

Low-Drag Airfoils

The Langley two-dimensional lu#mrbulence pressure tunnel has
permitted the syatematic investigations recydred far the development of
useful low-drag airfoils. It had become apparent in 1937 that any further
~onounced reduction of the profile drag of wings mat be obtained by a
reductim of the sldn fricticm through increasing the relative extent of
the laminar boundary layer. The attainment of etiensive laminar boundary
layers at large Reynolds nuders was an unsolved e~erimental problem. ,
Although the mechanism of transition was not understock, it was lmown
that low turbulence and the avoidance of increasing ~essures b the
direction of fluw were requhememts for etiensive laminar flow.

The requirement of low turbulence could best be met %y flight tests,
and numerous investigations have been tie in flight following the pioneer
work of Jones (reference 32) who demonstrated the possibilityy of obtaining
efiensive laminar layers at fairly high Reynolds nurtibers.Flight inveati–
gations do not, however, provide a ~cticeJ. methal for the systematic
tests required to obtain a useful family of airfoils. Only in a wind
tunnel is it practical to tie the extensive atrfoil investigations
required by our inadequate understanding of the turbulent boundary layer
and.our consequent inability to wedict airfoil characteristics except
to a limited extent at luw lift coefficients.

. ,,_ ------ . — .—.— .—.—-. ---- .——
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The completion of the maiel two-aimensimal
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tunnel in 1938 provided
a facility f& exploratory investigations even though the ~ti~ turbx

.

lence level was not satisfactory. The first test in this tunnel In
June 1938 of an airfoil designed to permit laminar flow indicated a
minhum-dra.g coefficient of 0.0033, cm about one-half of the lowest drag

,

coefficient ever befcme measured for an airfoil of compsralle thiclmess.
Figure 10 shows comparative drag data for an early low%lrag airfoil as
obtained in the lmtur’bulence tunnel (L’IT)and in the variabltiensity
tunnel (VDT). (See reference 5.) The minimm drag coefficient measured
in the low-turlmlence tunnel is less thea om+half that from the highly
turbulent Variabl=eneity tumnel. The smell.range of lift coefficient
over which low drag is obtamd results partly fh?anthe now obsolete
shale of the airfoil and partly from the unsatisfactory turbulence level
of the tunnel as initially constructed (about 0.1 yercent). The @bu-
lence level of the model tunnel was later lowered.(u’/U alout 0.02 pex
cent) by a screen installation gen6rally similar to that previously
descri%ed fcm the ~essure tunnel (reference 13).

. 12rplcmatoryinvestigationswere continued in the modified mcdel
tunnel until the ~esswe tunnel was-completed in 1941. These investi-
gations were invaluable in showing the limits withwhich compromises
had to%e made between 16w drag and desirable lift ml mment charao- ,

terietics. Satisfactory theoretical methals were also found during this
period for designing the airfoile to produce the destied types of
pressure distribution. Systematic investigations in the pressure tunnel I
then led to the evolution of the NACA &eries airfoils, data for which
me summarized inrqference 33. ‘IT&lfamily of airfoils combines
desirable lift characteristicswith the possflility of low drag M the
wing surfaces are smoothsnd fair. If the surfaces are not smooth and
fafi, the characteristics of this family are nowarse than those of the .
older sections under the same conditions.

The requirement for fdr and smooth smrfaces was early found to
present the greatest obstacle to the practical attainment of efiensive
laminar fluw. The roughness andunfaimess associated wfthusud methcds
of constriction always resulted in premature transition at flight values
of the Reynolds tier. Diffic~ty was experienced in flight in’
ohtalning low &cag even with specially constructed and faired surfaces
because of small waves end specks of dust w insects. Mareover, the
turbulent boundary layer s~eads downstream from each s~eck so that even
a comparatively few imperfectims result in predominantly turbulent fluw. “
It is uncertain whether erkensive laminsr flow can%e realized under
conditions of field maintenance, although sow mcdern hig&speed airplanes,.
if csrefully maintatid, have sufficiently smooth and fair wings to permit
low drag.

The problem of stalilizlng the laminar boundary layer to disturbances
associated with surface imperfections has attracted mzch attention.
tivestigatiom of the effectiveness of suction slots in stabilizing the’
laminar boundary layer were -e in the model tunnel and in flight

t
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. fmm1938 to 1940. Although some extensions of the laminer layer were
oltained ly this methd, no apparent increase of stability was o%tained
for disturbeaces srising from surface imperfections. Such investigations
have now been resumed to Include the study of effects of suction through
~orous surfaces. Although no results of practical significance have
been obtained, it apyesrs that suction through porous surfaces does have
a stabilizing effect. The theoretical work of Lees (reference 29)
indicates that heat trsnsfer to the surface may stabilize the l.aminer
layer at high supersonic speeds.

Comparisons of results obtained from tests of luw-drag atrfoils in
the wind tunnel end in flight me difficult because uncertainties with
regard to the surface cotiitions appear to have greater effects them the
residual wind-tunnel turbulence. The highest value of the boun3ery-
Iayer Reynolds number R measur~ in flight just lefore transition
is about 9C00 (reference 34) where

R
pm=—
P

Tn this equation, U is the velocity just outside the boundery layer
ad- 5 is the distence from the mrface to the point where the dynamic
pressure in the boundery layer is on-half that outside the layer. This
value of the loundary-layer Remolds number correspotis approximately to
a value of 20,000 for a BlasiuEIprofile, with 8 defined as the thicbess
corresponding to a 10CSJ.speed 0.995 that of the free-streem velocity.
The drags of smooth ed fair mcdels measured in the two-dimensional low-
turbulence pressure tunnel may be predicted by assuming a Reynolds
nuriberat transition equal to that measured in flight (fig. n). It
thus ap~eers that the wind-tunnel results me comparable with those that
would le obtained in flight with unusual cere devoted to obtaining
smooth fair surfaces.

Low-turbulence wind tunnels have been essential to the reseerch
on low-drag airfoils. The ertensive investigations necessary to determine
the proper compromises between the conflicting requirements of airfoil
design would not have been possible without these wind tunnels.

NACA Headquarters
Washington, D. C., Cwtober 13, 1948
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TABIEI

OKOI?WI!ESQF

NMJA 66,1415 AIKFOIL

[Rations and &tea given in
yercent of airfoil cho@

station Ordinate

* o 0
1.191

:?5 1.433
1.25 “ 1.798
2.5 2.440
5.0 3.344
7.5 4.028

10 4.585
15 5.468
20 6.137
25 6.6k7
30 7.019
35 7.289

7.448
:; 7.500
50 7.436
55 7.237

6.898
g 6.362
70 5.?72

4.645
E 3.631
85 2.568

1.504
~ ;; .582 ,
100 0 .

L.E. radius: 1.61

——

=s9=’
I
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TABLE II
I

I

“.1

I

1[u~ = 103 N/se.

u’ PJt

Sore en “ -+- “’A “n’ “p’(1 + k)n 2 (peroent) (percent) (peroent)
(POrOOllt) ~

Obaervea Fred.lctd

None ------ ------ O*W 0.301 0.335 0.265 ---.-

18-mesh, O.011-in.tie o.@5 0.’726 .@2 .199 .239 .182 0.192
20-mah, O.017-in. wire 2.18 .561 .M .163 .lB .150 .149
2&msh, O.0075-in. wtre .730 .760

● *3 .228 .244 .195 .201
60-mmh, O.00’j’-ln.wire 4.20 .438 .038 .141 ●133 .114 .116
hO l%mh, O.011-in. wlm 1.790 .527 .041 .166 .155 .133 .140
Three l%sh, O.011-in.wire 2.685 .383 .037 .114 .123 .W9 .102
131xscreerw (three 20=mesh

0.017-in. tie; three 24- %.7 ~.@(6 . Oyj .W1 .044 .043 .021.
mesh, O.@Y&ti. wire)

(1 + k20)3/2 (1 + k24)3/2

I

i

I

I

I

.
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@~Parative drag measwementi ofNACA 66,2-015airfofih fom

NACA low-speedwind tunnels.
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.ocB-

~

~ .006- TDT
~ 8-foot high-speed tunnel

s
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/0 ~--~ 0
g .oo4-
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$
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“ 3.002-
16-foot high-speed tunnel

2
=S=

(J 5 10

Figure 3.- Comparative

15 20 25 30 35 40 x @
Reynolds number, R

drag measurements of NACA 66,1-015 airfojl in three
.NACA wind tunnels.

Figure4.- The 4;- footwind tunneloftheNationalBureau ofStandards.
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7
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\

Figure 5.- Longitudinalcross sectionofthe4~-footwind tunneloftheNational
(3

Bureau of Standmds.
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Figure 6.- The Langley two-dimensionallow-turbulencepressure tunnel.

_—.—- — —,—— —.—. .. ——.——.— —y-. — ~_ .—



.

.

.

—-. .

,.

*



NACA TN No. 1755 33

.

Continuous splitter vanes

Drive motor \

Guide

Figure 7.- The Langley

coils

LTest section T

two-dimensional low-turbulence pressure tunnel.

o

.

)
“

o
1 I 1 I I 1 f

1 2 3 4 5 6 7 x 106

Reynoldsnumber per footofmodel chord

Figure8.- Turbulencelevel u’/U oftheLangley two-dimensionallow-
turbulencepressure tunnelata pressure of4 atmospheres. (Datafrom
reference13.)
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.5-

.4-

.3-

a~x

.2-

.1-

— Calculated by Lin (reference 27)

,+ Measured by Schubauer and
Slmamstad (reference 18)

Damped
.

W&=/
o

I I I I I 1 1

800 1600” 2400 3200
u&/~’

Figure 9.- Curve of neutral stability for Blasiusprofile.

.016

o I
-.4 I

J J

.4 .8 =s9=
Section lift coefficient .

Figure 10.- ProfUe-drag characteristicsofNACA 27-215airfoilsectio~
(Datahorn reference5.)

—~ ———— .. —- -—–—



NACATN NO. 1755 35

.

2 .o12-

S“$)

~ .oCJ9-
a)
0 Calculated; R6 = 9000
0
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4
g
3c1
$

/
0

I I I I I 1 I 1
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Reynolds number, R T

Figure 11.- Measured and calculateddrag coefficientsfora low-drag Arfoil
tested@ theLangley two-dimensionallow-turbulencepressure tunnel.
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